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ABSTRACT 



It is generally considered that the emission of microwave zebra pattern (ZP) structures requires 
high density and high temperatures, which is similar to the situation of the flaring region where 
primary energy releases. Therefore, the parameters analysis of ZPs may reveal the physical 
conditions of the flaring source region. This work investigates the variations of 74 microwave ZP 
structures observed by Chinese Solar Broadband Radio Spectrometer (SBRS/Huairou) at 2.6-3.8 
GHz in 9 solar flares, and found that the ratio between the plasma density scale height L^r and 
the magnetic field scale height Lb in emission source displays a tendency of decrease during the 
flaring processes. The ratio L^ /Lb is about 3-5 before the maximum of flares. It decreases to 
about 2 after the maximum. The detailed analysis of three typical X-class flares implied that the 
variation oi L^/Lb during the flaring process is most likely due to the topological changes of the 
magnetic field in the flaring source region, and the step- wise decrease of Lat /L b possibly reflects 
the magnetic field relaxation relative to the plasma density when the flaring energy released. 
This result may also constrain the solar flare modeling to some extent. 
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INTRODUCTION 



It is widely accepted that the magnetic free energy stored in corona is the main energy source responsible 
for powering solar flares. Storage of magnetic free energy requires a non-potential magnetic field, which 
is always shown up as a sheared and/or twisted magnetic structure (iHudsonI 120111 ). In the processes of 
solar flares, magnetic free energy is converted to thermal and kinetic energy of plasma via the dissipation 
of electric curr ent, accompanied with topological change of ma g netic field to a lower en ergy state than 
pre-flare state |Priest fc Forbes! booi llongcopel liooj llowlbood Ishibata fc Magaral lioill ) . This scenario 
can successfully interpret many observational features of solar flares. However, the detailed evolution of 
such coronal phenomena has not been fully understood yet, especially in the process of energy release 
(jShibata fc Magarall2011[). due to t he lack of direct quantitative measurements of the coronal magnetic field 
in the source region (jBastianll2004l ). 



The microwave spectral fine structures provide a unique diagnostics of the magnetic field and ambient 
plasma around the source. Zebra pattern (ZP) is one of the most intriguing spectral structures in the so- 
lar radio emission, which consists of a number of almost parallel and equidistant stripes superimposed on 
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the back ground type IV radio burst in dynamic spectrum. They have been rec orded and studied for several 
decades ( Elgarovtl95 i lSlottielllQyi l IZheleznya kov & Zfotni Zlotnik 19771) in metric fc decimetric wave- 



length, and later in microwave range (|Ning et al.. 2000; Che r nov ct al. 2003i: lAltvntsev et al.ll2005t IChernov 
2006 : Kuznetsov k, Tsacl 2007 : Tan et al. 2012 ). There are several theoreti cal model proposed to interpret 



the fo rmation of ZP structures. The model of Bernstein mode (BM model: lRosenbereill972t IChiuderi et al 
19731 ) is the first one to int e rpret such fine structure. Another important model is whistler wave model 



(WW model: iKuiiner j[l975i IChernovllioOfil ). based on the interaction between plasma electrostatic waves 



and whistler waves. The most developed model for ZP is the double plasma resonance model (DPR model: 
Zheleznvakov fc Zlo tni]j^l975). The detail information related to these theoretical models can be found in 
the reviews (|Chernovn2006l 120101 ) . The microwave ZPs are closely related to the inhomogeneous plasma and 
magnetic field around flaring regions in corona by DPR model. According to this model, the emission source 
is considered as magnetic flux tube fllled with nonequilibrium energetic particles. The anisotropic distribu- 
tion of energetic particles in flux tube develops kinetic instabilities, and stimulates electrostatic waves. The 
excitation of dominating electrostatic upper hybrid waves are greatly enhanced at some resonance levels, 
where the upper hybrid frequency fuh is close to the harmonics of electron cyclotron frequency fee in flux 
tube: 

fuh = (/pi + flf'^ ^ Sfee (1) 

where /pg is the plasma frequency of electrons, and s is the harmonic number. Then these waves escape from 
the local regions through some nonlinear plasma processes as they are transformed to transverse waves. 

It is generally considered that the emission of microwave flne structures like ZP requires high density 
and high temperatur e, which coincides with the situation of the expected primary energy release site of flare 
(jBastian et al.l 119981 ) . implies that the source of microwave ZP may be located near the flare core region 
where the magnetic energy is releas ed. This al s o indi cates that parameters analysis of ZPs may present some 
features of the flaring core region. lYan et al.l (|2007l ) estimated the ratio between the plasma density scale 
height Ln and the magnetic fleld scale height Lb derived from three ZPs in an X3.4 solar flare event on 



2006 December 13 observed by the Chinese Solar Broadband Radio Spectrometer (SBRS/IIuairou: lFu et al 



20041 ) by DPR model. It is pointed out that the Ln/Lb decreases by a factor of 2 from the impulsive phase 
of the flare to its maximum. This is the motivation behind this work: now that the Ljv /Lb is closely related 
to the geometrical structure of coronal magnetic field, the topological change of magnetic field during energy 
releasing process would leave a trace on the Ln/ Lb, i.e., ZP is an indirect tracker of the physical process of 
solar flare. 

With the ai d of high-temporal, high-spectra l resolution observation data obtained at the SBRS /Huairou 
in 2.6-3.8 GHz ( Yan et al.ll2002t IFu et al.l 12004 ). we are encouraged to take a step forward to address this 



issue. In this work, we investigate the temporal variations of the Ln/Lb derived from 74 ZPs appeared 
in the flaring processes of 9 eruptive solar flares from 1997 to 2006. This paper is organized as following. 
In Section 2, we describe the observations data of ZPs associated with solar flares, and present the data 
analysis. Section 3 presents the results. Discussions and conclusion are presented in Section 4. 



2. OBSERVATIONS AND DATA ANALYSIS 

Figure [1] shows the microwave dynamic spectrograms of a typical ZP structure on left- and right-handed 
circular polarization (LHCP and RHCP) recorded on 13 December 2006. The microwave spectrograms re- 
quired for this study are obtained by SBRS/Huairou. SBRS/Huairou is an advanced solar radio spectrometer 
that measures the total flux density of solar radio emission with dual circular polarization, i.e., the LHCP 
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Fig. 1.— ZP occurred at 2.6-3.8 GHz bandwidth recorded by SBRS/Huairou in 03:03:00-03:03:10 UT during 
the X3.4 flare on 2006 December 13. The upper and middle panels are for the LHCP and RHCP components, 
respectively. The frequencies / of the ZP stripes at every sampling-time are marked with filled circle dots. 
The lower panel demonstrates the values of Lf^/Ls at every sampling-time with filled circle dots. The 
horizontal line denotes the average value of ijv /Lb in the whole ZP structure, taken as the ratio / Lb of 
this ZP. (A color version of this figure is available in the online journal.) 
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and RHCP. It consists of three parts: 1.10-2.06 GHz (cadence of 5 ms and frequency resolution of 4 MHz), 
2.60-3.80 GHz (cadence of 8 ms and frequency resolution of 10 MHz), and 5.20-7.60 GHz (cadence of 5 
ms and frequency resolutio n of 20 MHz). The observatio n sensitivity is S/Sq ^ 2%, where 5*0 is quiet 



solar background radiation (|Yan et al.ll2002l : IFu et al.ll2004l) . During the solar cycle 23, SBRS/Huairou had 



obtained excellent observation data at 2.6-3.8 GHz bandwidth, and numerous ZPs are observed at this 
bandwidth. We found 74 ZPs in 9 solar flares, whose Lm /Lb can be calculated, observed by SBRS/Huairou 
at 2.6-3.8 GHz from 1997 to 2006. The parameters of the 9 flare events are summarized in Table [TJ Among 
the listed 9 events, we found 3 typical flares (2006 December 13, 2002 April 21, and 2001 October 19) that 
legible ZPs appeared in both of before and after the soft X-ray maximums in flaring processes. In the others 
6 events, ZPs appeared either prior or after the flaring peaks. It should be noted that, in the eleventh column 
in Table [U the number of stripes of each ZPs is mainly below 10, while in the event of 2002 April 21, the 
number is up to 34. 

We now consider that the DPR model is responsible for the emitting of ZP. It is reasonable to assume 
both the magnetic field strength {B) and the plasma density (rtg) decrease exponentially with height [h) 
along the flux tube in the corona: 

S = Soe-^''/^«,ne = neoe-^''/^", (2) 

where Bq and rieg are the magnetic field and the plasma density at ft-o respectively, and ~ ne{dne/dh)^^ , 
Lb = B{dB /dh)^^ . The electron cyclotron frequency fee and the plasma frequency of electrons fpe can be 
expressed as: 

f - f p-Ah/LB f - f p-Ah/(2L„) (o\ 
Jce — Jceo^ I Jpe — J peo'^ V-"/ 



According to DPR model ( Kuznetsov fc Tsa!ull2007 ). the frequency separation A/, = Z^+i — fs, between 
the adjacent ZP stripes at harmonics s and s + 1, is related to B and rig, 

_^ /pe(^s+l) - fpe{hs) _ 1 1 



fs fpeihs) s 1 - {2Ln/Lb) 



(4) 



where /is+i and hg are the heights of neighboring resonance levels s + 1 and s. For a given ZP, with zebra 
stripes corresponding to harmonics si and S2, we can determine the frequencies of the two stripes at given 
time. Denoting As = S2 — si and ds — Afs/ fs, Equation Q can be transformed to 

^s6s, Ln I 1 \ ^j.^ 

5si - ' Lb 2 V \5si\si) 

Therefore the ratio of Li^ /Lb can be calculated from the observation of ZP by the DPR model. Note that 
the 5g in Equation ([S]), the relative frequency separation between two neighboring stripes, restricts that a 
ZP should possess at least 3 legible stripes in order to calculate the value of L^/Lb- 

Figure [T] illustrates the method we employed to obtain the Lj^/Lb of a typical ZP. This ZP was recorded 
at 03:03:00 UT on 13 December 2006. It lasted for about 7 minutes, but only the part during 03:03:00- 
03:03:10 UT can be well discriminated from the spectrograms due to saturation in the frequency range of 
2.75-2.90 GHz. The upper two panels are the dynamic spectrograms of the ZP on LHCP and RHCP. Six 
stripes can be well discriminated from the background emission in this case. We applied a sufficient sampling 
rate to calculate the Ln/Lb of every ZP, depending on the time duration of the ZP. For a given time, the 
frequency / of one stripe is determined as the center-frequency of the stripe at the sampling-time, denoted 
with filled circle dots. Equation ([5]) implies that the larger the difference between the harmonics of two 
stripes (As) is, the smaller the Lj^/Lb error caused by frequency determination is. Therefore, we use the 
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Table 1. The list of flare events with microwave ZPs at 2.6-3.8 GHz from 1997 to 2006 



Flare 



ZP 



Event 


Class 


AR 


SXR peak 


Start 


End 


f 


A/ 


Pol 


No 


Ns 


Ref 


S 






NOAA 


(UT) 


(UT) 


(UT) 


(GHz) 


(MHz) 












09.04.2000 


M3.1 


8948 


23:42 


23:35:12 


23:35:18 


2.60-3.10 


20-40 


STRONG R 


1 


3 


1 





29.10.2000 


C4.4 


9209 


01:57 


02:06:32 


02:35:05 


2.60-3.10 


65-80 


R 


17 


3-7 


2 


A 


24.11.2000 


X2.0 


9236 


05:02 


04:59:56 


05:01:57 


2.60-3.80 


55-60 


L&R 


4 


3 


2 


□ 


25.11.2000 


M8.2 


9240 


01:31 


00:59:19 


01:09:30 


2.60-3.80 


50 


L&R 


4 


5-6 


2 


♦ 


19.10.2001 


XI. 6 


9661 


01:05 


00:51:00 


01:19:55 


2.60-3.00 


55-75 


R 


18 


3-8 


2 


X 


21.04.2002 


XI. 5 


9906 


01:50 


01:45:40 


02:01:45 


2.60-3.80 


30-70 


L 


10 


10-34 


3 


+ 


18.11.2003 


M3.9 


10501 


08:31 


08:22:42 


08:26:50 


2.60-3.50 


30-50 


STRONG R 


3 


3-5 




▲ 


09.07.2005 


M2.8 


10786 


22:06 


22:03:16 


22:04:53 


2.60-3.50 


50-80 


L&R 


6 


8 




■ 


13.12.2006 


X3.4 


10930 


02:40 


02:22:30 


03:03:00 


2.60-3.80 


50-250 


R 


13 


3-6 


4 


* 



Note. — Start (UT)- time of the first ZP in the event; End (UT)- time of the last ZP in the event; AR NOAA- number of NOAA active 
region; SXR peak (UT)— time of soft X-ray peak; f (GHz)— frequency range of ZPs; Af (MHz)— frequency separation of adjacent stripes; 
Pol- left- or right-handed circular polarization; No- number of ZPs in the event; Ns- stripes number of ZPs in the event; Ref- reference; 
S- tlie symbols used in Figure [21 



References. 



(1) Huang ot al. 2008; (2) Chernov ot al. 2003; (3) Chernov ot al. 2005; (4) Yan ct al. 2007 
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Fig. 2. — Lf4 / Lb estimated from 74 microwave ZPs in the 9 flare events listed in Table[l] are plotted against 
the time relative to the GOES soft X-ray flaring peaks {vertical dotted line) of each flares. The symbols used 
to denote the ratio Ln/Lb are also listed in Table [TJ 
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lowermost two and the uppermost two legible stripes to calculate Lj^i /Lb- The lower panel demonstrates 
the calculated values of L^/Lb at all sampling-time with filled circle dots. The horizontal line denotes the 
average value of L^/Lb in the whole ZP structure, which is 1.99 in this case, taken as the typical ratio 
Ln/Lb of this ZP. 



3. RESULTS 

In Figure [21 we plot the ratio Ln/Lb derived from 74 ZPs listed in Table [1] against the time relative to 
the GOES soft X-ray flaring peaks of each fiares. The symbols used to denote the ratio in different events 
are shown in the last column of Table [T] The standard deviation a of ZPs are shown as error bars. The 
irregularly drift of ZP stripes indicates that the resonance levels do not remain at precisely the same height 
in flux tube, which may account for the a. The time of the GOES soft X-ray peaks are assigned as 00:00, 
marked with the vertical dotted line. The temporal variation of the ratio (Figl2|) shows that (1) during the 
fiaring processes of these flares, the ratio is mainly in the range of between 1.5 and 5; (2) before the flaring 
peak, the ratio is mainly in range of 3-5, except for the event of 2002 April 21 (pluses); after the peak, the 
ratio decreases to 1-3; (3) in the events of 2006 December 13 (asterisk), 2002 April 21, and 2001 October 
19 (times), whose ZPs appeared in both of before and after the flaring peaks, the ratio shows interesting 
temporal variation during the flaring process. 

Figure |3] compares the temporal variation of the ratio L ^ /Lb in the flaring process of the three flare 
events. The ratio of each ZP case is given by filled diamond. The soild curve denote the normalized GOES 
soft X-ray profile at 1-8 A. The vertical dotted line refers to the time of the soft X-ray peak. The error bar 
denotes the a of L^ /Lb ■ The first impression of Figure [3] is that the ratio shows decrease trend during 
the flaring process of each event. It is also noted that the ratio displays a step-wise decrease around the 
soft X-ray peak in the events of 2006 December 13 and 2001 October 19, while the ratio decreases slowly 
during the flaring process in the event of 2002 April 21. We will analyse the 3 typical flare events in detail 
separately in following text. 



3.1. The event of 2006 December 13 



On 2006 December 13, an X3.4/4B class, ty p ical t wo-ribbon flare occurred (jlsobe et al.l 120071) in the 



active region NOAA 10930 (S05W33). ISu et al.l (|2007l ) presents the long term evolution of the sheared 



magnetic flelds in this active region by multi-wavelength observations. The flare started at 02:14 UT, reached 
maximum at around 02:40 UT, and ended at 02:57 UT. Here, we are interested in the period of 02:22-03:05 
UT because all 13 ZPs of this flare event were recorded during this period. A clear step- wise decrease before 
the flaring peak divides the process into two phases: in the flrst phase (before the step- wise decrease), 7 
ZPs are observed and the ratio Ln/Lb is 3.50-5.00; the other 6 ZPs are observed in the second phase (after 
the step-wise decrease) and the ratio decreases to 1.85-2.65. In Figure 4, the left column compares the 
X-ray coronal structure in the flaring region taken by the X-ray Telescope (XRT) aboard Hinode before 
(a) and after (c) the step-wise decrease. The contours show the microwave intensity at 17 GHz observed 
by Nobeyama Radio Heliograph (NoRH). The first phase (FigHh-) is characterized by a east- west, highly 
sheared, bundle of nearly parallel loops. The ratio fluctuates in the range between 3.50 and 5.00 (Figl3ji). 
Figure |41d shows a ZP started at 02:22:30 UT and the ratio is 3.90. Similar to Figure [21 but only one 
spectrogram on RHCP is demonstrated, based on the polarization of the ZP. At the end of the first phase. 
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Fig. 3. — Temporal variation of the ratio Ln /Lb in the flaring process of the three flare events: (a) 2006 
December 13; (b) 2002 April 21; (c) 2001 October 19. The soild curves denote the normalized GOES soft 
X-ray profiles at 1-8 A. The vertical dotted line refers to the time of the X-ray peak. The pluses denote the 
values of L^/Lb at each sampling-time and the ratio L^/Lb of each ZP case is given by diamonds. The 
error bar denotes the a of Lj^/Lb- 
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Fig. 4. — NoRH 17 GHz contours superposed on the Hinode/XRT images of NOAA 10930 at 13 December 
2006, taken before (02:21 UT; a) and after (02:42 UT; c) the step-wise decrease of ratio Ln/Lb- The 
corresponding ZPs and their Ln/Lb are shown in panel b and d. (A color version of this figure is available 
in the onhne journal.) 
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significant energy release is processing as several saturated brightenings showing up along the elongated 
structure between 02:22:18-02:24:18 UT. Also noted is the coronal structure underwent a topological change 
that a north-south, less sheared, expanding arcade structure (FigHt) was formed. In the second phase, the 
ratio has decreased to around 2.00 (Fig|3Jl). The contours of NoRH 17 GHz intensity (FigH^ and lit) show 
that the microwave sources in the two phases have approximately the same positions, coincident with the 
position of the X-ray loops structure, supposes that the radiation of ZPs may come from the X-ray bright 
loops. 

TRACE 195 21-Apr-2002 01:45:53.517 UT SBRS/Huoirou 2002-04-21 



Contours: 

NoRH 17GHz r+l 21-Apr-2002 01:44:38.880 




(o) 




TRACE 195 21-Apr-2002 02:00:41.866 UT 



Contours: 

NoRH 17GH2 r+l 21-Apr-2002 01:44:38.880 





950 
X (orcsecs) 



Fig. 5.— NoRH 17 GHz contours superposed on the TRACE/195 A images of NOAA 9906 at 21 April 2002, 
taken before (01:45 UT; a) and after (02:00 UT; c) flaring peak. The corresponding ZPs and their Ln/Lb 
are shown in panel b and d. (A color version of this figure is available in the online journal.) 



3.2. The event of 2002 April 21 



On 2002 April 21, an X1.5/1F class, two ribbons flare occurred in active region NOAA 9906 close at 
the western solar limb (S14W84). The GOES soft X-ray emission shows that the flare started at 00:43 UT, 
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reached to it s maximum at a r ound 01:50 UT, and ended at 02:38 UT. A detail analysis of the XI. 5 flare 
was giv en by Gallaghe r et alj (|2002r) . ZPs in this event (FiglSJa and[5jl) possess intricate and long-lasting 
stripes (|Yan et al.,.20041) . which are far more complicated than the ZPs in the 2006 December 13 event and 
the 2001 October 19 event. About 10 ZPs were observed in the time interval of 01:40-02:05 UT. It is worth 
mentioning that, for instance, the third and forth "ZPs" in this event are not two separate ZPs, but one 
long-lasting ZP structure with fast-varying frequency parameter, therefore we treated the ZP as two separate 
ZPs. 

Figure ISb shows the variation of the ratio Lm/Lb in this flare event. Different from the "two-phase" 
pattern in the 2006 December 13 event, the ratio decreases slowly during the flaring process. Figure [5] 
illustrates the Transition Region and Coronal Explorer (TRACE) EUV images at 195 A superposed with 
NoRH 17 GHz contours, and the correspondi ng ZPs in this event. A rising post-flare loop system, at a 
rate of about 10 km s~^ (jGallagher et al.ll2002l ). was seen during 01:40-02:05 UT. By comparing the coronal 
structure we found that the coronal configuration does not show so significant change in the flaring process. 
The contours of NoRH 17 GHz show the emission mainly came from the foot-point and the top of the coronal 
loops. The Siberian Solar Radio Telesc ope (SSRT) data at 5.7 GHz indicates that microwave source was 
located on the top of the coronal loops (jChernov et al.ll2005l) . 



3.3. The event of 2001 October 19 

A X1.6/2B class two-ribbon flare occurred in active region NOAA 9661 (N16W18) around 0:47 UT on 



2001 October 19. A detailed study on multi- wavelength involved in this event was carried out bv lLi fc Ding 



(|2004l ). The flare started at 00:47 UT, reached maximum at around 01:05 UT, and ended at 01:13 UT. 18 



ZPs were recorded in the time interval 00:50-01:20 UT. 

The variation of the ratio L^/Lb in this event (FiglS};) shows a similar "two-phase" pattern occurred 
in the event of 13 December 2006. In the first phase, 8 ZPs were recorded and the ratio is 2.75-4.19; the 
other 10 ZPs are observed in the second phase and the ratio decreases to 1.67-3.17. Figure |6] illustrate the 
variation of the configuration of coronal loops during this flare and the corresponding ZPs. Here, we present 
the TRACE 171 A images to show the configuration of the coronal loops, which can be represented the 
variation of the coronal magnetic topology. Two ribbons structure (Fig|6^) is observed in the first phase, 
during which the ratio concentrates in the range of 3.00-4.00. The TRACE 171 A images imply that the 
magnetic field topology changed rapidly at 01:09:59 UT. No ZP was recorded in the transition between the 
first and the second phase. In the second phase, the coronal loops evolved to a expanding post-flare loops 
conflguration in 171 A images (Fig|BJ;). Figure shows the corresponding ZP appeared at 01:19 UT and 
the ratio is around 2.00. The contours of NoRH 17 GHz overlaying the TRACE 171 A images show a loop 
structure stretching across the two flare ribbons. At around 00:55 UT, the microwave emission originated 
mainly from the two foot-points of the coronal loops. About 3 minutes later, the microwave sources gradually 
converged to the loop top and changed little morphologically thereafter. 



4. DISCUSSIONS AND CONSLUSION 

In this paper. We investigated the variation of 74 microwave ZPs recorded by SBRS/Huairou at 2.6-3.8 
GHz in 9 eruptive solar flares. By analyzing ZP stripes appeared in fiares, we calculated the ratio L^/Lb 
in emission sources. We have obtained following results. 
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TRACE 171 19-0ct-2001 00:59:42.869 UT 
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Fig. 6.— NoRH 17 GHz contours superposed on the TRACE/171 A images of NOAA 9661 at 19 October 
2001, taken before (00:59 UT; a) and after (01:19 UT; c) the step-wise decrease of ratio L^/Lb- The 
corresponding ZPs and their Ln/Lb are shown in panel b and d. (A color version of this figure is available 
in the online journal.) 
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Before After 




Fig. 7. — Illustration of the ratio Lm/ Lb before and after the topological change during the flaring process. 



For all the cases, the ratio Lj^/Lb prior to the flaring peaks tend to be larger than those after the 
peaks. The ratio mainly concentrate in the range of 3-5 before the flaring peaks except for the case of 2002 
April 21. After the free energy releases, the ratio drops to about 2. Among these cases, we found 3 typical 
flares whose ZPs appeared in both of before and after the flaring peaks. In the cases of 2006 December 13 
and 2001 October 19, the ratio displays a step-wise decrease during the processes of energy releasing. In the 
case of 2002 April 21, the ratio shows a tendency of slow decrease. The decrease of the ratio reveals that 
the magnetic field scale height increases faster relative to the plasma density scale height during the flaring 
process, implies the presence of a relaxation process of the magnetic field relative to the plasma density. 

We compare the X-ray/EUV images taken before and after the step- wise decrease of the ratio /Lb of 
the three events. The coronal configuration underwe nt a topological change after the release of the stored free 
energy, reveals a sigmoid-to-arcade transformation ( Mandrini et al. 2005t Liu et al. 2007 : Jing et al. 2007) 
during flaring process in the events of 2006 December 13 and 2001 October 19. As well accepted, the shape of 
X-ray/EUV loops infers the current-free magnetic field lines. The loop arcades after the topological change 
showing a relaxed form of magnetic field configuration, implies that the topological change of magnetic field 



in fla ring region is a process toward a relaxed, potential state by releasing the magnetic shear ijSakurai et al 



19921 ). In the case of 2002 April 21, the EUV images do not see so significant change in coronal magnetic 



field configuration in this event. We check the NoRH observations of these three flare events. The microwave 
sources of ZPs were located on the bright flare loo ps observed at EUV /X-ray band. The height of source 
regions of ZPs were estimated to be about 66 Mm (jHuang fc Tanll2012( ). right in the altitude range of ^-^8 
Mm to ^ 70 Mm where the magnetic nonpotentiality decreases after the flare event of 2006 December 13 
( Jing et aPboOSl) . This entirely agreement supports the validity of the relation between the Ln /Lb variation 
and the energy release. When we suppose that the Ln/Lb is determined by the geometrical structure of 
magnetic field and the plasma density, then the step- wise decreases of Ln/Lb (FiglHK and[3t) may be related 
to the topological change on the coronal magnetic field structure, whereas the slowly varying Lm/Lb (FiglSh) 
infers no significant change of coronal magnetic field, then our results favor the Ljv / L b variation being due 
to the topological change of flare core region where the main part of the magnetic energy is released. Figure 
[7] illustrates the picture of the ratio before and after the topological change. For a typical value of the ratio, 
the magnetic field scale height is 1/4 of the plasma density scale height Lm before the topological change. 
After the topological change processing, Lb becomes 1/2 of Lat. This result may constrain the solar flare 
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modeling to some extent. 

The ratio Ln/Lb plays a significant role in the DPR model ( Zheleznvakov fc Zlotnik 19751 ). However 



the absolute values of L^v and Lb are even more important. The smaller these values are, the more stripes of 
a ZP can be realized in certain frequency range. We noted that, from Table [1] the numbers of zebra stripes 
varied from event to event, especially for the event of 2002 April 21 which is up to 34. In other words, the 
absolute values oi Lpf and Lb varied in different events. Whereas, the ratio Lj^/Lb is mainly in the range 
of 1.5-5, as shown in Figure [5J which is independent from the varied absolute values of Lpj and Lb- 



Here, it is worth discussing the validity in particular flare event, e.g., the event of 2002 April 21 with the 
fact that up to 34 ZP stripes existed simultaneously in a short frequency range. In this event, for Afs ^40 
MHz, we could obtain the magnetic field B = 19.5 Gs, calculated fro m equation dU « i-(2Ln/Lb) ' 
which is corresponding to altitude of ~ 60 Mm ( Dulk fc McLeanI 19781 ). While from the plasma frequency 



fpe ~ 8.98 X lO'^-^ng and /3 = nkBT / {^), where fcs is the Boltzmann's constant and n ~ rie, one can get 
P « 1.4 for T = 1.5 X lO^if . The value of /3 seems over high at this altitude of 60 Mm, according to current 
knowledge. Thus, this is a major obstacle for the DPR model to produce 34 ZP stripes simultaneously at 
2.6-3.8 GHz range in this event. Similar calculation had be en carried out showing that the DPR model fails 
to interpret the formation of a large number of ZP stripes ( Chernov 201o[ l. WW model was proposed to be 



responsible for the formation of the multi-stripes ZP structures in this event, as the ratio Ljq / Lb is not a 
significant parameter in the WW model, but the absolute value of magnetic field B is. The magnetic field 
B can be estimated to be a reasonable value of 71.5 Gs with the fo rmula A/ = 0.2/ce, where A/ is the 
frequency separation between two adjacent ZP stripes ( Chernov 2006h . 



Finally, it needs to be mentioned that it deserves further investigation as to answer why the Lj^/Lb 
is 3-5 and 2, before and after the energy releasing process, respectively. Additionally, although the radio 
heliograph observations suggest that the microwave ZPs may come from the fiare loops, we have no enough 
evidence to confirm that the ZPs originated from the same position in flare loops because it is difficult to 
obtain the accurate position of radio source region due to a lack of high-spatial and high-temporal radio 
imaging observation in the corresponding frequency range (2.6-3.8 GHz). The cons tructing high-sp atial 



and high-temporal resolution Chinese Spectral Radio Heliograph (CSRH, 0.4-15 GHz; lYan et al.ll2009l) will 
provide an opportunity to give some clear answers to the above problems. 
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